Introduction
It is not an exaggeration to say that material surfaces have a profound effect on everyday life. Every object has a boundary (i.e., surface) that defines its shape and size and allows us to distinguish that object from its surroundings. In fact, a number of material properties are defined exclusively to describe surfaces: adhesion, friction, gloss, wear and wetting to name but a few. Many interesting characteristics of surfaces have evolved naturally to benefit certain animals and organisms, while others are intentionally applied in some man-made fabrication technology.
For example, water striders 1 have developed an ability to use surface tension to glide smoothly across water; gecko feet 2 have sophisticated surface structures that impart adaptable adhesive properties and allow them to walk up walls and across ceilings; and sharks 3 and dolphins 4 have evolved skins that naturally reduce drag and resist biofouling.
Even cells are reliant on surface properties, as so-called anchorage dependent cells become activated only when cell wall receptors receive specific stimuli by interaction with an appropriate surface. a capability for the design and control of surface properties, both on natural and synthetic materials. The purpose of this review is to describe the remarkable and unique potential associated with the use of light to transform and pattern surfaces. The ultimate goal of photochemical surface transformation is to develop surfaces that can be modified using only photons as reagents. While photochemical surface modification is a well-known technique, in terms of industrial and academic applications, we describe herein a new paradigm for photochemical surface modification that is based in part on the rapidly growing understanding of how to manipulate the chemistry of surfaces at the molecular level. Coupled with the rich and extensive base of knowledge of photochemistry, this molecular design capability offers exciting potential for quantitative modification of surfaces; that is, deliberate control of both the density and nature of surface chemical groups. The new paradigm for the transformation of surfaces involves the synthesis of ''smart'' molecules that might be termed ''photochemical surface delivery vehicles''. These complex molecules are preprogrammed to spontaneously assemble onto hard and soft substrates in a fashion that both anchors the molecule at the surface and delivers a specific photochemical group. Appropriate photochemical groups are designed to transform into a desired surface functionality upon illumination with light.
An outline of this review is presented in Fig. 1 . First we review relevant principles and concepts that form the basis of surface modification strategies and organic photochemistry. With this foundation, we discuss sequentially the advantages of using light to transform surfaces, the fundamental molecular design of ''photochemical surface delivery vehicles'', and how these vehicles are used to construct preprogrammed photoactive surfaces on both hard and soft substrates.
Surface modification techniques
Basic surface modification strategies rely on covering an object with a coating that is usually organic in nature, or, in other words, a soft matter material. Such applications have become ubiquitous in modern society. Take the automobile for example: several layers of paint are applied to metal surfaces to protect against corrosion and to add color, while waxes are employed, causing water to bead up and drain off the exterior, a process that keeps the surface clean and adds an aesthetically pleasing luster.
The challenge of surface modification is to change the surface properties of a material without deleteriously affecting the pre-optimized bulk material properties.
There is a myriad of surface modification strategies, each with a particular set of advantages and disadvantages. The method of choice depends not only on the technical requirements of the application, but also on considerations such as cost and environmental impact. The interest in ''green'' technologies, for example, has led to the replacement of chromate primers for metals, 6 the development of aqueous based coatings, 7 and the removal of copper and lead from anti-fouling paints. 8, 9 Methods that have been used to modify surface properties can be roughly divided into the following three categories:
(1) Chemically-based methods modify soft matter surfaces by applying a broad spectrum of known chemical reactions. The reagents and reactions required depend on the chemical nature of the substrate undergoing modification and the desired surface transformation. In certain cases these methods can provide a unique ability to modify surfaces. One such case is the modification of fluorocarbon surfaces that are resistant to many chemical reagents but can be modified with sodium naphthalene etch.
10 It may be difficult to control the depth of a chemical treatment, however, and the chemical reagents required can be hazardous and lead to undesirable environmental consequences.
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(2) Plasma and corona discharge processes 11, 12 offer another effective means to modify surfaces, particularly when an inexpensive and rapid process for increasing the surface tension is desired, for example, when printing onto plastic articles such as polyethylene bags. The disadvantage with plasma treatments is that they can be difficult to control and usually do not afford the possibility to specify the precise nature or surface density of functional groups created. In addition, they are generally not thermodynamically stable, and are prone to reorganization that can undo the desired modification.
12,13
(3) A third method that might be referred to as ''physical'' modification, involves coating the surface with surfactant-like molecules that form monolayer structures at the surface. It is this third method, specifically with preprogrammed photochemical surface delivery vehicles, that forms the basis of the methods described in this review. Before we consider the advantages that this method offers, we must be aware of the possibility that light may cause degradation to a surface via radical formations and may yield byproducts, in the case of photodeprotection.
There are a number of advantages in using light to transform surfaces compared to chemical, plasma and mechanical (e.g., stamping 14 ) based methods for surface modification. First, light directly produces the desired surface transformation in a single step. Secondly, because effort is placed on the molecular design of the preprogrammed photochemical surface delivery vehicle, the fabrication process is straightforward, usually requiring only photons as the reagents for the surface transformation reaction. Thirdly, surface patterning with light has the inherent resolution of photolithography techniques and requires only illumination through masking equipment (which is commercially available). Lastly, in many photochemical reactions, light acts as a clean reagent with little or no environmental impact, thereby advancing the cause of ''green'' soft matter chemistry and manufacturing. With this background, we begin the review with a brief tutorial describing the fundamental basis of photochemical surface modification strategies.
Organic photochemistry
How photochemistry can be used to modify surfaces can be illustrated by addressing the question: what happens when light (i.e., a photon) interacts with a molecule on a surface? First, consider the photochemical paradigm that governs how a substrate, originally derivatized with some functionality (PA), can be photo-modified to introduce a new functionality (P) at the surface as shown in Scheme 1, where PA represents a photoactive moiety that becomes excited to *PA upon irradiation with light and forms an intermediate I, before yielding the final product, P.
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The first crucial step of the global paradigm is the primary photochemical process, in which *PA proceeds to form a reactive intermediate possessing an open valence, e.g., a free radical. The next essential step in the paradigm is the secondary thermal process converting I to P, where intermediates yield photoproducts by elimination, addition or rearrangement reactions. Several classes of these photoreactions have been studied:
Elimination: a catalytic species, such as an acid or base, can be produced on an external photoactive molecule to bring about an elimination reaction such as a photodeprotection or photocleavage.
Addition: one example of an addition reaction is photografting via an excited carbonyl group of benzophenone (BP). Upon illumination, a reactive intermediate forms at the carbonyl oxygen on BP, by abstracting a hydrogen atom from a neighboring external compound, a process that also creates a radical on the external compound. The external species can covalently link to the BP by radical-radical combination.
Rearrangements: rearrangements include cis-trans isomerization where excitation of the double bond in an initially trans-azo compound, for example, overcomes the rotational energy barrier of the double bond leading to formation of a less stable cis-azo conformer. Sigmatropic 15 and electrocyclic 15 rearrangements are also possible, but are beyond this review's coverage.
The global paradigm for photochemical reactions (Scheme 1) and examples of primary photochemical processes (Table 1) illustrate that appropriate selection of the photoactive ''PA'' reactant is essential for highly efficient phototransformation of surfaces. The success of covalent photoimmobilization of proteins to a PA-derivatized surface, for example, is determined by the electronic nature of *PA. In this review we elucidate how considerations regarding the identity of *PA and the nature of the surrounding medium can be used to develop various surface modification strategies that use photons as reagents.
Some examples of PA groups and the functionalities they produce upon illumination are listed in Table 1 . In some cases (for example, photodeprotection of tert-butyl protected functional groups), the transformation requires the use of a small photocatalyst molecule, also known as a photoacid generator (PAG). Nitrobenzyl derivatives photo-cleave at the ortho position to produce a new functionality at the surface, varying from alcohols 23 to amines. 24, 25 This photodeprotection feature has been used to fabricate bilayer lipid membranes. 22 A few PA groups are capable of grafting macromolecules to a surface by abstracting hydrogen atoms from the C-H groups on organic molecules that come into contact with surface-bound PA groups. Hydrogen abstraction produces radicals that participate in a number of subsequent radical-based processes, some of which can lead to covalent surface grafting. The first step in developing a photoactive smart material surface is the design of an appropriate ''photochemical surface delivery vehicle'', a molecule that self-assembles at a surface and is preprogrammed to transform into the desired surface functionality upon exposure to light. Preferred molecular designs 13 provide precise, quantitative control of the surface density of specific chemical groups by forming surface monolayers. Monolayer coatings of this nature have found widespread usage both to passivate and functionalize hard substrates. 35 Because the fundamental bases for organic modification of hard and soft substrates differ, the two subjects will be treated separately.
Modification of hard substrates with photoactive SAMs
Conceptually, methods employed for the general surface functionalization of hard substrates require the synthesis of organic molecules that consist of three constituents, each with an important function: a sticky foot (SF), molecular spacer (SP), and functional group of interest, in this case, a photoactive group (PA). The most widely utilized architecture of organic molecules used to modify hard substrates is referred to as a self-assembled monolayer (SAM). [35] [36] [37] SAMs are designed to spontaneously assemble onto a substrate surface as an ordered monolayer as depicted in Fig. 2 . The organized structure is formed by a directed self-assembly process. The sticky foot provides anchoring to the substrate and orients the molecule to present the photoactive moiety at the surface, while attractive in-plane van der Waals interactions between the spacer groups drive molecular assembly.
The SF anchors the molecule to the surface via covalent bonding with or chemisorption onto the substrate. For example, thiol, disulfide and alkyne groups are known to have an affinity for gold substrates. [37] [38] [39] Inorganic phosphates, commonly found in commercial detergents, are well-known for their affinity for metal oxide substrates such as tin-doped indium oxide surfaces. [40] [41] [42] [43] Some of the more common examples of sticky feet employed in SAM designs are listed in Table 2 , along with the types of substrates that they effectively modify.
The spacer (SP) is typically a hydrocarbon chain, although spacers containing aromatic groups 54 are not uncommon. Attractive in-plane van der Waals interactions among the SP portion of neighboring molecules drive monolayer self-assembly and can in some cases lead to two-dimensional crystallization of the SAM.
The SAMs present preprogrammed head groups at the surface that transform chemically upon exposure to light. The nature of the PA group (see Table 1 for examples) not only controls the surface chemical properties, but also affects surface physical properties such as wettability, adhesion, and friction.
Modification of hard substrates with photoactive polymers
The methods by which photoactive polymers have been used to produce smart organic surfaces on hard substrates 12,55 generally fall into two categories: physisorption of thin polymer films, and the formation of photoactive polymer brushes. If a sticky foot is placed at the end of the polymer chain, the photoactive polymer is grafted to the substrate, forming what is referred to as a polymer brush, as depicted in Fig. 3a . If one or more SF and PA groups are located along the polymer backbone, a copolymer thin film resembling Fig. 3b is formed. The polymer is represented as a random copolymer, but may also be a block copolymer, with one copolymer sequence containing PA and a second copolymer sequence containing SF. The polymer backbone generally serves as the spacer, but may also function as a sticky foot. For example, poly(methyl methacrylate) is itself a Lewis base 56 and can act as a sticky foot to substrates, such as glass,
11
with Lewis acid character. The surface structure manifest in thin copolymer films is determined by the location, type and number of functional groups along the polymer chain. 57, 58 Copolymers containing more random distributions of the PA and SF groups form disordered surface structures, while block copolymers form individual surface layers comprising the two different copolymer sequences. 59 The spatial distribution of the PA and SF groups depend on their relative preference to locate at the air interface, the substrate interface or within the polymer film. Preferential surface segregation depends on the architecture of the functional molecule and the relative surface tensions of the functional groups, the substrate and the polymer backbone. 57, 58, 60 Copolymer films are subject to reorganization phenomena, as lower energy species are preferentially adsorbed at interfaces with air, while higher surface tension species are favored at a surface in contact with a high energy fluid such as water.
13
The stamping 14 technique provides a means to pattern molecules onto surfaces. The technique involves first forming a topographical pattern on a silicone substrate, then contactcoating the patterned silicone substrate (i.e., the stamp) with the surface molecule of interest (i.e., the ink), and contacting the ''inked'' stamp with the substrate of interest, thereby transferring the patterned film of surface molecules onto the substrate to be modified. The stamping technique can create patterned photoactive surfaces by use of photoactive ''inks''.
Modification of soft (i.e. polymeric) substrates
While light has been used extensively to modify the bulk properties of polymers, for example, in chemical amplification photoresist 61 technology, there are relatively few examples of the use of photons to modify polymer surfaces.
The simplest method for polymer surface modification by light involves direct photolysis of surfaces by exposure to UV in the presence of oxygen. 62, 63 The method, outlined in Fig. 4(a) , involves exposure of oxygen to 185 nm radiation to form ozone, and simultaneous exposure to 254 nm radiation, which converts the ozone to molecular and atomic oxygen. Atomic oxygen reacts rapidly with organics to eventually produce water and carbon dioxide. The UV-ozone method is mild compared to other oxidative surface treatments such as oxygen plasmas and can be applied in ambient environments open to the atmosphere. The method is sufficiently mild that it is capable of producing a thin layer of oxygenated species at a polymer surface simply by brief exposure to appropriate UV radiation. When applied to siliconebased polymers, the method can be used to produce a SiO x (where x z 2) surface layer on the polymer by exposure to UV at room temperature, [64] [65] [66] [67] something that cannot be achieved by other techniques. Since the technique is based upon exposure to light, the surface chemical transformations achieved can be spatially controlled by using a mask. 68 The physical changes can be seen in the atomic force microscopy image shown in Fig. 4(b) . The UV-ozone method, while simple and inexpensive to employ, is primarily used to hydrophilize polymer surfaces and generally cannot control the chemical nature of the species produced nor their surface density. Fig. 4 (a) The UV-ozone conversion method used to modify polymer surfaces using oxygen and light. (b) An atomic force microscopy image of a spin-cast and selectively patterned PDMS-SiO x film.
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The molecular architectures for preprogrammed, photochemical surface delivery vehicles that are suitable for polymer surface modification have straightforward designs.
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The simplest design is a photoactive diblock copolymer that selfassembles at polymer surfaces as depicted in Fig. 5(a) . The first block comprises a polymer that is miscible in the polymeric substrate (i.e., usually the same polymer as the substrate) while the second block must be immiscible with the substrate, surfaceactive and photochemical in nature. The layered structure results from self-assembly of the copolymer promoted by out-of-plane replusive interactions between two unlike copolymer blocks, and is directed by preferential surface segregation of the low surface tension, surface-active copolymer block to form a surface layer of that species. 59 After illumination, the entire surface layer undergoes a phototransformation. The first literature example of surface modification of this nature was the use of a poly(styreneb-tert-butyl acrylate) diblock copolymer to modify the surface of a polystyrene substrate.
17 Upon exposure to UV light in the presence of a photoacid generator, the surface layer of poly(tertbutyl acrylate) was transformed into poly(acrylic acid).
Quantitative control of the nature and areal density of functional groups at polymer surfaces can be achieved though the use of end-functional copolymers as depicted in Fig. 5(b) . Formation of the surface layer directs the terminal functional groups toward the surface. The areal density of functional groups is identical to the areal density of block copolymer chains, a characteristic that can be externally controlled by adjusting the block copolymer molecular weight or the thickness of the block copolymer surface layer, the latter being accomplished by either adjusting the conditions for spin coating or controlling the copolymer's surface adsorption isotherm. The relationship between the surface areal density of functional groups, s, the layer thickness, t, the molecular weight of the surface-active copolymer block, M n , and the spin coating conditions (u is the rotational speed, c is the concentration of the spin coating solution and h is its viscosity) is given by
where N A is Avogadro's number and r is the density (chains/unit volume) of the surface-active copolymer block. While end-functional block copolymers have been successfully applied to quantitatively functionalize surfaces 69, 70 and to immobilize DNA 71 at controlled surface density, we are not aware of any examples where this method has been used to create preprogrammed surfaces that can be transformed with light.
Types of surface photoreactions
Photochemical surface transformation reactions may be classified into several families: functional group elimination, addition, and rearrangements as illustrated in Fig. 6 , where the surface to be modified is depicted as a SAM adsorbed onto a hard substrate for ease of presentation. Fig. 6(a) illustrates functional group elimination, which includes conventional deprotection, a common synthetic tool that has been used to photo-generate reactive groups at an interface. For example, upon irradiation with light in the presence of a PAG, 72 a tert-butyl ester end-terminated self-assembled monolayer can be deprotected to yield carboxylic acids at the substrate-air interface. 16 PAGs are compounds that can produce acids following UV exposure and are commonly used in the development of photoresists in the microelectronics industry. Fig. 6(b) introduces the concept of photo-addition, more commonly known as surface grafting, where macromolecules are covalently bound to the substrate surface. Photografting can be approached in two ways: the photoactive group can be located on an external species that is immobilized onto a derivatized substrate (referred to as ''grafting-to'') or the photoactive group can be located on the substrate (referred to as ''graftingfrom'' 73, 74 ). ''Grafting-to'' includes the reaction of preformed polymers to the surface, while an example of ''grafting-from'' is surface-initiated polymerization wherein an initiator is immobilized on the substrate from which a polymer is grown. 75 The grafting-to technique is hindered by some limitations in graft density and layer thickness as the polymer molecules face a strong kinetic hindrance in attaching to a thoroughly covered surface. 76 With the grafting-from technique, polymers of high graft density and high molecular weight can be tethered to the substrate surface, surpassing the limitations of the former approach.
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Most photografting methods find their origins in a common photochemical mechanism, namely hydrogen abstraction via a free hydroxy radical. Ketones, ethylenes, conjugated enones, and azo compounds are some examples of functional groups that result in a photochemical primary process of hydrogen abstraction in the presence of hydrogen-atom-donating substrates (e.g. alcohols, amines, hydrocarbons, etc.), followed by product formation via secondary thermal processes. 15 Lastly, Fig. 6 (c) demonstrates a broad class of rearrangements, reactions without changes in the atomic composition, but with changes in atomic connectivity and stereochemistry. Rearrangements include a variety of reactions that modify an interface or component of a monolayer without coupling a second molecule to the surface, for example, photoisomerization about the double bond of surface-bound stilbene 34 and azobenzene 32,33 derivatives. Surface phototransformation methods applied through a photomask 78 (as shown in Fig. 7 ) have been used to achieve patterned deposition of a variety of biological and synthetic materials including proteins, DNA, cells, and nanoparticles. The feature size of the mask pattern and wavelength of incident light govern the resolution of such patterns. For example, poly(tertbutyl acrylate) block coppolymers were used to fabricate micropatterned polymer surfaces 17 by selective photodeprotection. Unmasked regions of the surface were transformed into poly (acrylic acid) by ester hydrolysis catalyzed by use of a PAG.
Photo-elimination for surface modification
While it is not uncommon to find internal photodeprotection reactions, this review will only focus on photodeprotection processes that use an external species, such as PAGs, to trigger the reaction. In the chemical amplification mechanism, 61 one photochemical event generates an active species that catalyzes numerous chemical transformations. The active species can be either ionic or radical, but chemical amplification resist systems have commonly used PAGs. Fig. 8 illustrates how the PAG is excited and produces an acid that catalyzes formation of the final product.
Of the available acid generators, triphenylsulfonium salts have been studied most comprehensively and are known to be the most thermally stable with decomposition starting at ca. 350 C. 61 These onium salts are typically sensitive to UV light and produce strong acids with excellent yields via the presumed mechanism, shown in Fig. 9(a) . Upon illumination, the onium salt becomes a cation radical and undergoes an electronic rearrangement to produce H + , which is balanced in charge with the salt anion, X À , in solution. Fig. 7 Photo-patterning scheme. All of the photo-induced surface modification reactions can be patterned onto self-assembled monolayers or films on hard and soft substrates by using a photomask. Fig. 8 A schematic illustration of an external species, PAG, being excited and producing acid, thereby catalyzing a primary photochemical process that leads to a product via a secondary thermal process. (*PAG denotes a photo-excited PAG.) Fig. 9 (a) In a deep-ultraviolet (DUV) chemically amplified resist, triphenylsulfonium salt, a photoacid generator (PAG), produces acid upon light-exposure. 61 (b) Subsequent thermolysis of the polymer cleaves the tert-butoxycarbonyloxy (TBOC) groups to yield hydroxy groups. 79 Wallraff and Hinsberg 79 found that a subsequent thermolysis following irradiation with light in the presence of the onium salt leads to an acid-catalyzed deprotection of tert-butoxycarbonyloxy (TBOC) groups, yielding a hydroxy-derivatized substrate as shown in Fig. 9(b) .
Established photoresist chemistry allowed for further advancements in surface patterning by adapting Wallraff and Hinsberg's technique to polymer films on substrates. Past attempts to pattern spin-cast films that are not covalently bound to the substrate often failed as the polymers were not stable in harsher conditions with good solvents. 79 Subsequently, several groups have utilized photoactive polymer brushes to produce high-resolution micropatterns. Prucker and Rü he 77,80 fabricated some of the first polymer brushes by surface-initiated polymerization, a ''grafting-from'' technique.
Hawker and coworkers 18 developed an approach to control surface properties by photo-patterning stable polymer brushes. After preparing a thin polymer film on the polymer, the photoresist layer, which includes the PAG, was applied.
Selected areas of the substrate are then exposed to UV light and heated to catalyze the photodeprotection of tert-butyl acrylate groups. With this surface-initiated photo-induced polymerization (SIPP) approach, patterned polymer films were generated, containing well-defined hydrophobic and hydrophilic regions as shown by the topographical changes in the optical micrograph of Fig. 10 . Phototransformation of the poly(tertbutyl acrylate) (PtBA) brushes to poly(acrylic acid) (PAA) brushes decreased the advancing water contact angle from 92 to 15
. Atomic force microscopy (AFM) showed that the patterned surface was no longer smooth as the light-exposed regions decreased in film thickness from 130 to 80 nm.
Lee et al. 16 demonstrated that the terminal tert-butyl groups on SAMs could be deprotected by exposure to 254 nm light in the presence of a PAG. The water contact angle changed from 89 to 28
as the hydrophobic tert-butyl ester groups were deprotected to expose hydrophilic carboxylic acid groups. When exposed to UV light through a mask, the photodeprotection reaction generated surface patterns of carboxylic acids (Fig. 11 ) that were subsequently used to template the deposition of a variety of different surface ligands. Amine-functionalized polystyrene colloidal particles (3 mm diameter), for example, selectively deposited onto patterns of surface carboxylic acids, mediated by acid-base interactions.
As Fig. 12 illustrates, a poly(styrene-b-tert-butyl acrylate) diblock copolymer 17 was used in similar fashion to modify and pattern the surface of a polystyrene substrate by acid-catalyzed photodeprotection of surface adsorbed tert-butyl acrylate groups. Unmasked regions of the copolymer monolayer on the Fig. 10 A schematic illustration of patterning continuous polymer films by combining photolithographic techniques with surface-initiated polymerization to convert poly(tert-butyl acrylate) (dark regions on the optical micrograph) to poly(acrylic acid) (light regions). Optical micrograph, without pretreatment, on the right (10 mm squares).
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Fig . 11 The irradiation of an azobenzene self-assembled monolayer containing tert-butyl ester end-groups through a photomask results in a micropattern of carboxylic acids at the air-monolayer interface. Aminecoated PS microsphere particles selectively adsorb to the acid portions of the pattern as shown in the optical microscope image. polystyrene substrate undergo transformation to PAA, to form surface patterns of PtBA and PAA block copolymer brushes. These surface patterns 17 were used to template the deposition of bovine serum albumin (BSA) on PtBA regions by hydrophobic interactions, polar dyes onto PAA regions by acid-base interactions, and fluorescent streptavidin by a combination of covalent bioconjugation and specific recognition. The steps of the bioconjugation process are shown in Fig. 13 , along with a fluorescence micrograph of fluorescein-5 isothiocyanate tagged BSA that was templated onto a chemically micropatterned P(S-b-tBA)-modified PS substrate.
Photo-addition for surface modification
The carbonyl functional group is generally reactive and plays a significant role in this particular class of photoreactions. Fig. 14 demonstrates how carbonyl-containing molecules can undergo hydrogen abstraction and subsequent radical recombination to form a variety of covalently linked species. When applied at surfaces, this mechanism can lead to covalent surface photografting between the substrate and molecules located at the surface.
Phthalimides,
26 benzophenone 81 and binaphthyl ketone 82 have been used to prepare surfaces that photograft a wide variety of pre-existing polymers via photo-addition reactions. Photografting reactions have been used to covalently immobilize numerous polymers in a host of applications including carbohydrate microarrays, 83 protein patterning, 84 lipid bilayers, 85 and coatings for biomedical devices. 86 The main advantage of the photografting technique is that the polymer can be immobilized onto the substrate without prior derivatization. However, intramolecular recombination can be a disadvantage as this process can limit reactivity to the surface.
These photochemical processes have also been applied in pharmaceutical research and development. 28 Photoactive ligands enable researchers to recognize and locate drug targets, to gauge the level of interaction between the drug and target, and to locate the binding site on a target. Photoimmobilization of biopolymers (or photoactive ligands) provides information regarding the location and architecture of the ligand-binding site. Past research findings have demonstrated that tetrafluorophenyl azides, trifluoromethyl-phenyl diazirines, and benzophenone (BP) photophores are efficient and reliable in labeling target proteins. 87 Of the photophores studied, BP delivers the best chemical function under varying conditions of light and solvent. BPs can be activated at a wavelength longer than 300 nm, thereby avoiding protein-damaging wavelengths; BPs are chemically more stable than aryl azides, diazirines, and diazo esters; and BPs selectively react with C-H bonds that are within a 3.1 Å radius of the carbonyl oxygen even in protic solvent conditions. 27,28 These properties allow BPs to covalently bind to and modify macromolecules with enhanced control and efficiency.
Upon absorption of 365 nm UV light, the immobilized BP's carbonyl groups are excited to a reactive intermediate that is a very good hydrogen atom abstractor. 15, 88 Even hydrogen abstraction from relatively unreactive C-H bonds of a nearby polymer segment occurs followed by the formation of a stable carbon-carbon covalent bond. Although other photochemical processes such as disproportionation, recombination of two ketyl radicals or polymer radicals, and electron transfer are possible, they are not contributing factors to the photoimmobilization of the polymer to the surface.
15 Fig. 15 presents schematic illustrations of two different approaches to photoimmobilizing ligands to the desired substrate: ''grafting-to'', (a), where the photoactive group is located on the molecule to be grafted to the surface, and ''grafting-from'', (b), where the photoactive group is located on the substrate.
Photografting-to and photografting-from techniques have both been studied for biomedical applications, but grafting-to is the lesser explored, due possibly to its lower binding selectivity and relative difficulty in chemically patterning surfaces. The photografting-from technique was applied using benzophenone as a hydrogen abstractor 88 to create ultrathin patterned layers of partially-fluorinated polymers with well-defined features and film thickness.
Similar to benzophenone, the absorption of 300 nm UV light by phthalimide groups activates the carbonyl functionality to form a reactive intermediate that is conducive to a hydrogen abstraction, among other possible photochemical mechanisms [ Fig. 16(a) ]. 89 This mechanism was used to surface graft polysaccharides, 26 which like nucleic acids and proteins play a significant role in biological processes. Photo-generated carbohydrate microarrays have been used to study viruses, such as HIV.
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The optical microscope image in Fig. 16(b) shows that water condenses preferentially onto hydrophilic (dark) regions of the substrate that are patterned with polysaccharides, and not onto hydrophobic (light) phthalimide regions that were not exposed to UV radiation. To enhance the interaction between carbohydrates and the phthalimide-modified substrate, mixed phthalimideamine monolayers (PAM) were used to construct carbohydrate microarrays, which retain their immunological properties as defined by specific antigen-antibody interactions (Fig. 17) . These carbohydrate microarrays were successfully applied to perform a high throughput characterization of antigen-antibody interactions, including various surface antigen receptors on Bacillus Anthracis. 91 The phthalimide SAMs have been found to be useful for photografting virtually any hydrogen-containing polymers Fig. 15 Biopolymers are photoimmobilized via two different methods: (a) the protein-photophore is photografted to the surface; and (b) the photophore-derivatized surface selectively covalently binds to and thus immobilizes a macromolecule to the substrate. 28 Each reaction is illustrated as a cartoon. and are somewhat advantageous compared to the equivalent benzophenone SAMs, owing to the better wetting properties and higher surface tensions of phthalimide-based monolayers.
The hydrogen abstraction mechanism was also employed to prevent dewetting 92, 93 of thin polymer films upon heating to a temperature above their glass transition. Dewetting was prevented 94 by crosslinking thin polymer films with a bifunctional photoactive molecule featuring two benzophenone chromophores (bis-BP) capable of hydrogen abstraction as shown in Fig. 18 .
94 Bis-BP is capable of crosslinking hydrogencontaining polymers, in the glassy state, by forming a bridged crosslink between two polymer chains, when the chains do not have sufficient mobility to crosslink by radical termination with each other.
A combination of a photopolymerization and thermal polymerization was used to create patterns of different polymer brushes, as shown in Fig. 19 . 31 An azo-initiator was employed due to its ability to cleave in response to both light and heat. The initiator-derivatized surface was first selectively irradiated with Fig . 18 Proposed mechanism for crosslinking a polystyrene film containing a bis-benzophenone additive by exposure to 300 nm radiation.
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UV light (360 nm) through a contact mask to bring about a surface photo-initiated polymerization of poly(methyl methacrylate) and produce patterns of surface-bound PMMA. The reaction mixture was removed from unmodified regions of the substrate and the substrate was coated with a second monomer reaction mixture of hydroxyethyl methacrylate (HEMA) monomer. PHEMA brushes were then grown between areas of PMMA brushes by surface polymerization that was thermally initiated from still-intact azo intiators located in the previously shaded regions. During the second step, calcium ions were used as pseudo-protecting groups for the PMMA by making them temporarily insoluble with the reaction mixture containing HEMA. The end result was a substrate selectively patterned with both PHEMA and PMMA brushes.
Rearrangements for surface modification
Although there are several known photochemical rearrangement reactions, cis-trans isomerization is by far the most useful. Both azobenzene 32, 33 and stilbene 34 derivatives can be reversibly switched between trans and cis forms using light. When located at the surface, the cis isomer has a higher dipole moment and greater wettability by water. 95, 96 Irradiation of the derivatized surface at shorter wavelengths in the UV region ($350 nm) switches the trans form to the cis form, while irradiation at longer visible wavelengths ($455 nm) can be used to reverse the cis conformation to trans. In some instances, significant changes in contact angle measurements were achieved by incorporating azobenzene moieties along the backbone of polymers.
97-99 The Fig. 19 Surface-initiated photopolymerization of the binary-brush system poly(methacrylic acid) (PMAA)-poly(hydroxyethyl methacrylate) (PHEMA).
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Fig . 20 The azobenzene monolayer was irradiated with UV light in distinct regions using a mask to produce a cis-trans pattern. The cis and trans interfaces differ in wettability as seen in the optical microscope images, which were created by forming water microdroplets on the substrate. The width of the bars is 2 mm and the mesh size is 10 mm. azobenzene-derivatized surfaces may undergo a cis-trans isomerization via a zwitterionic or diradical intermediate. Mö ller et al. 98 investigated a monolayer of polymer containing trifluoromethoxy terminated azobenzene side chains deposited on quartz and silicon substrates and demonstrated that they were able to manipulate the wetting behavior of the film using UV and visible light. Fig. 20 shows that only selected regions switched from trans to cis, as indicated by the illuminated areas of the optical micrograph. The difference in wettability of cis and trans states can be seen by the formation of water microdroplets. This cis-trans pattern was manipulated by selectively isomerizing regions with cis isomers back to the trans state, using visiblelight-exposure.
Copolymers containing azobenzene side chains terminated with trifluoromethyl groups were formed on highly oriented pyrolytic graphite by Langmuir-Blodgett (LB) deposition.
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The N]N double bond isomerized from trans to cis after illumination with UV light, and was accompanied by a water contact angle shift from 85 to 74 as shown in Fig. 21(a) . Photoisomerization back to the trans state was almost completely reversible after exposure to visible light. The LB film in the trans state exposed fluorocarbon-groups leading to low surface energy, lower friction interaction, lower and hydrophobicity as suggested by Fig. 21 (b) .
Photoisomerization of azo dyes bound to surfaces has been used to alter the alignment of liquid crystal films between two photochromic command states. 101 The azobenzene side chains undergo an isomerization from trans to cis, switching the liquid crystal alignment from homeotropic to parallel, respectively. The chirality of a surface can also be switched between left and righthanded forms of helical molecules with the presence of chiroptical photoisomerizable molecules. 102, 103 Such photoresponsive surface-bound molecules are expected to be critical components for the advancement of artificial molecular machines. 104 
Conclusions
Properly designed surface delivery vehicles can be used to functionalize the surface of both hard and soft substrates with preprogrammed photoactive groups that undergo a variety of photochemical transformation reactions upon exposure to light. Such surface phototransformation reactions, using only photons as reagents, advance the cause of ''green'' soft matter chemistry and manufacturing and have tremendous potential in surface modification and patterning applications. Photochemical surface transformation methods can be used to create specific surface functional groups, to change surface properties such as friction and surface tension, or to covalently bind a wide variety of organic molecules and biomacromolecules to a surface. Simple exposure to light though a mask allows for spatial patterning of surface functional groups and associated surface properties with pattern resolutions that match those of current photolithography techniques. Shedding light on soft matter surfaces has a bright future.
